INTRODUCTION
============

Pathological stress is a hallmark of cancer. Owing to poor vascularization, cancer cells normally stay in a stressful tumor microenvironment, including hypoxia, low nutrient availability, and immune infiltrates. These conditions, however, activate cellular stress response pathways to promote tumor survival and aggressiveness ([@B11]). Targeting these stress pathways---for example, hypoxia inducible factor (HIF)--mediated signaling---in cancer cells has proven to be very helpful in the development of novel anticancer drugs.

To handle the external stress, a reduction in global protein synthesis is initiated by the phosphorylation of the α subunit of eukaryotic initiation factor 2 (eIF2α) at serine 51 ([@B44]). This adaptive response provides cancer cells the opportunity to save energy and regulate signaling pathways to facilitate survival. Four eIF2α kinases have been identified: heme-regulated inhibitor (HRI), endoplasmic reticulum--resident kinase (PERK), RNA-dependent protein kinase (PKR), and general control nonderepressible kinase 2 (GCN2). All of these kinases share a conserved kinase domain but have different regulatory domains that enable them to be reactive under specific stress conditions ([@B44]).

GCN2 is an eIF2α protein kinase with high molecular weight (\>200 kDa) and remains inactive in normal conditions. When confronted with amino acid deficiency, GCN2 is activated by uncharged tRNA, leading to the phosphorylation of eIF2α ([@B45]), which then increases the affinity with eIF2B, the guanine exchange factor ([@B33], [@B32]). Activation of GCN2 is proposed to involve a transition from an inhibited to a catalytically active conformation, followed by autophosphorylation at threonine residues 882 and 887 (yeast GCN2) in the activation loop ([@B38]). This process of autophosphorylation needs GCN2 dimerization ([@B27]). The extreme carboxy terminus of GCN2 can facilitate GCN2 association with ribosomes and binding of the HisRS-related domain to uncharged tRNA ([@B37]; [@B54]; [@B8]). Phosphorylation of eIF2α by GCN2 translationally up-regulates GCN4 in yeast or active transcription factor 4 (ATF4) in mammals, which in turn stimulates the expression of many amino acid biosynthetic genes ([@B14], [@B15]; [@B1]). The structure and function of yeast GCN2 have been intensively investigated ([@B31]; [@B16]), but little information is available for mammalian GCN2.

The importance of GCN2 in cancer development has been increasingly appreciated; for example, a study clearly demonstrated that GCN2-ATF4 pathway is activated in cancer cells to promote tumor survival and aggressiveness by maintaining metabolic homeostasis ([@B50]). GCN2 activation in cancer cells also led to vascular endothelial growth factor expression ([@B43]). Further, GCN2 was highly expressed in human primary tumors, including breast, liver, and lung cancer ([@B50]). All of these facts suggest that GCN2 could be a novel target for cancer therapy. However, GCN2 is also involved in cell death ([@B12]). These results indicate that the regulatory mechanisms for GCN2 in cancer cell are elusive and need to be addressed. Further, in contrast to the several small molecules found to have anticancer effects by targeting HIFs, small molecules that can target GCN2 signaling in cancer cells are lacking. To address these deficiencies, we initiated this study.

RESULTS
=======

GCN2 expression level determines the sensitivity of cells to Na^+^,K^+^-ATPase ligand--induced apoptosis
--------------------------------------------------------------------------------------------------------

By examining GCN2 protein level in a variety of cell lines, we found that GCN2 was differentially expressed in three colon cancerous cell lines, HCT116, HT29, and LoVo ([Figure 1A](#F1){ref-type="fig"}). Using these cell lines, we evaluated the apoptotic effects of hundreds of chemicals that have cytotoxic effects. Greater than 95% of the test chemicals had no influence or produced comparable apoptosis-inducing effects on these three cell lines. However, when these cells were challenged with Na^+^,K^+^-ATPase ligands, including ouabain, oleandrin, and foliandrin, cellular apoptosis was well correlated with the GCN2 protein level. Ouabain, oleandrin, and foliandrin triggered significant apoptotic response in HCT116 cells but failed to induce apoptosis in LoVo cells ([Figure 1B](#F1){ref-type="fig"}). Apoptosis of HT29 cell induced by ouabain, oleandrin, and foliandrin was exactly in between that observed in HCT116 and LoVo cells. We also observed that a distinct poly(ADP-ribose) polymerase (PARP) cleavage occurred in ouabain-treated HCT116 cells but not in LoVo cells ([Figure 1C](#F1){ref-type="fig"}). PARP cleavage in HT29 cells was evident but was obviously less potent than that in HCT116 cells. The specificity of the effect of GCN2 was indicated by the significant attenuation of ouabain-induced apoptosis in HCT116 cells after the silencing of GCN2 expression ([Figure 1, D](#F1){ref-type="fig"}-1 and [D](#F1){ref-type="fig"}-2). In contrast, when ectopic hemagglutinin (HA)-GCN2 was expressed in LoVo cells ([Figure 1E](#F1){ref-type="fig"}-1), the lack of sensitivity of LoVo cells toward ouabain treatment was significantly reversed ([Figure 1E](#F1){ref-type="fig"}-2). Further, Na^+^,K^+^-ATPase ligand--induced apoptosis was largely attenuated in GCN2 but not in PERK- or PKR-silenced cells ([Figure 1F](#F1){ref-type="fig"} and Supplemental Figure S1).

![Involvement of GCN2 in Na^+^,K^+^-ATPase ligand--induced cell apoptosis. (A) GCN2 protein levels in HCT116, HT29, and LoVo under normal growth conditions. (B) Cell apoptosis and (C) PARP cleavage in HCT116, HT29, and LoVo cells after treatment with ouabain, oleandrin, or foliandrin at 200 nM for 24 h. Data are expressed as mean ± SD, *n* = 3. HCT116 cells were transfected with GCN2 siRNA or control siRNA (D), and LoVo cells were transfected with HA-GCN2 or empty vector (E), and cells were further treated in the absence or presence of ouabain at 200 nM for additional 24 h. GCN2 level was detected by immunoblot analysis. Cell apoptosis was analyzed by flow cytometry. (F) The control, GCN2, PERK, and PKR siRNA--transfected A549 cells were treated in the absence or presence of ouabain at 200 nM for 24 h. Cell apoptosis was examined by the flow cytometry. Data represent mean ± SD, *n* = 3; ns, not significant, \*\*\**p* \< 0.001. (G) Nude mice were injected with 3 × 10^6^ HCT116 cells or 5 × 10^6^ LoVo cells per mouse to produce the tumor model. At 25 d after drug treatment, tumor growth curves were plotted. (H) Tumor tissues were removed from animals and homogenized for the assay of caspase 3 cleavage activity by flow cytometry. FITC-DEVD-FMK was used as a specific fluorescent substrate for caspase 3.](1044fig1){#F1}

To confirm these results in vivo, we inoculated HCT116 and LoVo cells into nude mice to produce tumor-bearing models. Of interest, ouabain treatment significantly slowed the tumor growth of HCT116 but not LoVo xenografts ([Figure 1G](#F1){ref-type="fig"}). After experiments, tumor tissues were removed and homogenized; the caspase 3 cleavage activities of tumor tissues were measured by flow cytometry by using fluorescein isothiocyanate (FITC)--conjugated caspase 3 substrate. The results demonstrated that ouabain administration led to significant caspase 3 activation in HCT116 cells but not in LoVo cells isolated from the tumor tissue ([Figure 1H](#F1){ref-type="fig"}).

C/EBP homologous protein is required for the proapoptotic function of GCN2
--------------------------------------------------------------------------

To understand why GCN2 is able to enhance apoptosis, we profiled gene expression in cells after ouabain treatment by microarray analysis. The data demonstrated that ouabain significantly increased mRNA expression of C/EBP homologous protein (CHOP) in A549 cells (Supplemental Table S1). This result was also verified by reverse transcription (RT) PCR analysis ([Figure 2A](#F2){ref-type="fig"}). Of note, ouabain-induced CHOP expression was critically dependent on GCN2 ([Figure 2, B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), and apoptosis induction by ouabain was also largely attenuated in A549 cells after the silencing of CHOP expression ([Figure 2D](#F2){ref-type="fig"}) or in CHOP^−/−^ MEF cells ([Figure 2E](#F2){ref-type="fig"}). A previous study suggested that death receptor 5 (DR5) is able to induce Fas-associated death domain--dependent cell apoptosis ([@B5]). However, surface DR5 expression in A549 cells is relatively low, and therefore A549 cells are resistant to apoptosis induced by tumor necrosis factor--related apoptosis-inducing ligand (TRAIL), a promising antineoplastic agent that can selectively kill cancerous cells after ligation with surface DR5. Up-regulation of DR5 can increase apoptotic sensitivity of cancer cells toward TRAIL ([@B21]), and several monoclonal antibodies against DR5 are in clinical trials ([@B46]). Of interest, Na^+^,K^+^-ATPase ligands were able to significantly increase the DR5 protein expression in non--small-cell lung carcinoma cells, including A549, but the underlying mechanism is largely unresolved ([@B10]). By using flow cytometry analysis to measure the abundance of membrane-bound DR5, we found here that the ouabain-induced up-regulation of DR5 is indeed largely dependent on the presence of GCN2 and CHOP ([Figure 2F](#F2){ref-type="fig"}).

![Involvement of CHOP in Na^+^,K^+^-ATPase ligand--induced cell apoptosis. (A) A549 cells were treated with ouabain or dimethyl sulfoxide at 400 nM for 12 h. CHOP mRNA was examined by RT-PCR analysis. (B) Control or GCN2-silenced A549 cells were treated with ouabain at 400 nM for 12 h, and (C) GCN2 WT and GCN2^−*/*−^ MEF cells were treated with ouabain at 10 μM for 12 h, and CHOP expression was examined by immunoblot analysis. (D) A549 cells after silencing of CHOP expression were treated with ouabain at 400 nM for 12 h. Cell apoptosis in control siRNA transfectant was arbitrarily set at 1.0. (E) WT or CHOP^−*/*−^ MEF cells were treated with ouabain at 10 μM for 12 h; cell apoptosis in CHOP WT MEF cells was arbitrarily set at 1.0. (F) Control, GCN2, or CHOP siRNA--transfected cells were treated with ouabain at 400 nM for 8 h; after treatment, membrane-bound DR5 expression was examined by flow cytometry. Similar results from three independent experiments are shown.](1044fig2){#F2}

β-Arrestin--mediated GCN2 ubiquitination and degradation
--------------------------------------------------------

To further characterize the importance of GCN2 in apoptosis, we unexpectedly observed that ouabain dose-dependently increased GCN2 protein levels ([Figure 3A](#F3){ref-type="fig"}). Because eIF2α is the substrate of GCN2, ouabain treatment also led to concentration-dependent phosphorylation of eIF2α, but had no effect on the total eIF2α expression. Further analysis revealed that GCN2 is a protein with a short half-life, because both exogenous and endogenous GCN2 levels were significantly up-regulated in proteasome inhibitor MG132-treated cells but not in cysteine protease inhibitor E64-treated cells, suggesting that ubiquitin pathways probably mediate rapid GCN2 degradation ([Figure 3, B](#F3){ref-type="fig"}-1 and [B](#F3){ref-type="fig"}-2). Cycloheximide (CHX) is commonly used to halt protein synthesis. In this study, progressive degradation of GCN2 in cells after addition of CHX was observed ([Figure 3C](#F3){ref-type="fig"}). Both ouabain and MG132 potently suppressed GCN2 degradation, suggesting that ouabain may influence ubiquitin-mediated GCN2 degradation.

![GCN2 ubiquitination and degradation. (A) A549 cells were treated with ouabain for 8 h at 0, 100, 200, and 400 nM. (B) A549 cells transfected (B-1) or nontransfected with HA-GCN2 (B-2) were treated with MG132 (20 μM), E64 (5 μM), or dimethyl sulfoxide for 12 h and the lysates subjected to immunoblot analysis by using antibodies against GCN2 and tubulin. (C) A549 cells were treated with CHX (2 μM) plus vehicle, CHX (2 μM) plus MG132 (20 μM), and CHX (2 μM) plus ouabain (100 nM) for the indicated times and GCN2 protein levels examined by immunoblot analysis. Similar results from three independent experiments are shown.](1044fig3){#F3}

To further confirm that GCN2 is a ubiquitinated protein, we used anti-ubiquitin immunoglobulin Gs (IgGs) and protein A/G--conjugated agarose beads in immunoprecipitation experiments to pull down cellular ubiquitinated proteins. The results, as shown in [Figure 4A](#F4){ref-type="fig"}, demonstrated that cellular GCN2 ubiquitination was also detected in cells after MG132 treatment. This GCN2 ubiquitination was greatly attenuated when cellular GCN2 expression was reduced by small interfering RNA (siRNA)--mediated gene silencing (Supplemental Figure S2). Ubiquitin (Ub)-mediated protein degradation needs assembly of E3 ubiquitin ligase complex ([@B22]). To identify the components of E3 ligase complex for GCN2, we established A549 cell lines stably overexpressing green fluorescent protein (GFP)--tagged GCN2 and used this system to screen adaptor proteins that can potentially suppress GCN2 level by monitoring GFP fluorescence in flow cytometry. As a result, we found that β-arrestin1/2 was critically involved in GCN2 degradation, because overexpression of β-arrestin1/2 dose-dependently suppressed GCN2 protein level ([Figure 4B](#F4){ref-type="fig"}). Moreover, this effect was blocked by MG132, suggesting that β-arrestin1/2 may influence GCN2 ubiquitination. Of note, as a commonly used proteasome inhibitor, MG132, can also trigger eIF2α phosphorylation and inhibit general protein synthesis ([@B24]), which may explain why MG132 failed to completely reverse β-arrestin1/2--mediated GCN2 down-regulation as occurred in [Figure 4B](#F4){ref-type="fig"}. In addition, in the GCN2 overexpression experiment, we also found that β-arrestin1/2 potently suppressed cellular GCN2 level ([Figure 4C](#F4){ref-type="fig"}). In contrast, siRNA-mediated silencing of β-arrestin1/2 in A549 cells led to a significant increase of cellular GCN2 protein level ([Figure 4D](#F4){ref-type="fig"}) and a corresponding decrease in cellular GCN2 ubiquitination ([Figure 4E](#F4){ref-type="fig"}).

![Effect of β-arrestin1/2 on GCN2 degradation. (A) Cells were transfected with HA-Ub or empty vector and further treated or untreated with MG132 (50 μM) for an additional 5 h before being harvested. Lysates were immunoprecipitated using anti-HA IgG, followed by immunoblot analysis using the purified anti-GCN2 IgG. (B) A549 cells were cotransfected with HA-GCN2 plus FLAG-β-arrestin1, FLAG-β-arrestin2, or empty vector. After 36 h, cells were treated with MG132 (20 μM) or vehicle for 8 h. Lysates were detected by immunoblot analysis using the indicated antibodies. (C) A549 cells were transfected with FLAG-β-arrestin1, FLAG-β-arrestin2, or empty vector. After 36 h, cells were harvested, and lysates were subjected to Western blot analysis using indicated antibodies. (D) A549 cells were transfected with β-arrestin1 siRNA, β-arrestin2 siRNA, or control siRNA. After 36 h, the lysates were detected by using the indicated antibodies. (E) Cells were cotransfected with HA-Ub plus siRNAs or control siRNA. After 30 h, cells were treated with MG132 (50 μM) for 5 h before being harvested. Lysates were immunoprecipitated using anti-HA IgG, followed by immunoblot analysis using anti-GCN2 and other indicated IgGs. (F) A549 cells were cotransfected with vectors as indicated. After 36 h, the cells were treated with ouabain at 200 nM for 12 h. The cell lysates were examined by immunoblot analysis with the indicated antibodies. (G) A549 cells were treated with MG132 (20 μM) plus vehicle or MG132 (20 μM) plus ouabain (100 nM) for 5 h, and the lysates were immunoprecipitated with anti-GCN2 IgG or normal rabbit IgG as a negative control. The immunpellets were detected by immunoblot analysis with anti-Ub and anti-GCN2 IgGs. Each experiment was performed at least in triplicate.](1044fig4){#F4}

In examining whether ouabain influences GCN2 ubiquitination, we found that β-arrestin1/2--mediated suppression of GCN2 level was attenuated by ouabain treatment ([Figure 4F](#F4){ref-type="fig"}). Moreover, ouabain treatment significantly suppressed cellular GCN2 ubiquitination ([Figure 4G](#F4){ref-type="fig"}, lane 2).

β-Arrestins interact with GCN2
------------------------------

As scaffold proteins, β-arrestins regulate a variety of signaling events ([@B48]). We found that β-arrestin1/2 colocalized with GCN2 in the cytoplasm ([Figure 5A](#F5){ref-type="fig"}). Analysis by immunoprecipitation indicated strong association between β-arrestin1/2 and GCN2 ([Figure 5, B](#F5){ref-type="fig"}-1 and [B](#F5){ref-type="fig"}-2). However, this association was detected in MG132- but not ouabain-treated cells, indicating that the underlying regulatory mechanisms for the effects of MG132 and ouabain on GCN2 level are different, although both of them were able to delay GCN2 degradation ([Figure 3C](#F3){ref-type="fig"}) and suppress β-arrestin1/2--mediated GCN2 down-regulation ([Figure 4, B](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). The physical association between β-arrestin1/2 and GCN2 was not an artifact of protein overexpression, because cellular β-arrestin was also found to readily associate with endogenous GCN2 ([Figure 5C](#F5){ref-type="fig"}). Glutathione *S*-transferase (GST) pull-down analysis was performed to examine the association between β-arrestin1/2 and GCN2. The outcome of this analysis indicated that although GST alone was unable to pull down GCN2, GST-fused β-arrestin1/2 can immunoprecipitate GCN2, and the association between β-arrestin2 with GCN2 was significantly stronger than that of β-arrestin1, as judged by the band intensity of yellow fluorescent protein (YFP)--tagged GCN2 ([Figure 5D](#F5){ref-type="fig"}). To map the interacting domain between GCN2 and β-arrestin1/2, we constructed truncated GCN2 mutants ([Figure 5E](#F5){ref-type="fig"}-1). Immunoprecipitation analysis demonstrated that the kinase domain of GCN2 is required for interaction with β-arrestin1/2 ([Figure 5, F](#F5){ref-type="fig"}-1 and [F](#F5){ref-type="fig"}-2). Truncated β-arrestin1/2 mutants were also constructed ([Figure 5E](#F5){ref-type="fig"}-2). The results demonstrated that the C- or N-terminus is sufficient for binding, but both are required for strong binding with GCN2 ([Figure 5, G](#F5){ref-type="fig"}-1 and [G](#F5){ref-type="fig"}-2). Consistently, the protein level of GCN2 mutants with a kinase domain---for example, HA-PK2 and HA-GCN2-N---was greatly reduced by β-arrestin1/2. However, GCN2 mutants without a kinase domain---for example, HA-RWD and HA-PK1---were not suppressed by β-arrestin1/2 ([Figure 5H](#F5){ref-type="fig"}).

![The protein interaction between β-arrestin1/2 and GCN2. (A) A549 cells were cotransfected with YFP-tagged GCN2 and FLAG-tagged β-arrestin1/2. Immunofluorescence analysis was performed as described in *Materials and Methods*. Scale bar, 20 μm. (B) Cells were cotransfected with expression vectors harboring HA-GCN2 plus FLAG-β-arrestin1 (B-1) or FLAG-β-arrestin2 for 36 h (B-2) and untreated or treated with MG132 (20 μM) or ouabain (200 nM) for 8 h before being harvested. The cell lysates were immunoprecipitated with anti-HA IgG, and the immune pellets were detected by immunoblot analysis with anti-FLAG IgGs. (C) After treatment with 20 μM MG132, A549 cell lysates were used for immunoprecipitation with an anti-GCN2 IgG or normal rabbit IgG and analyzed by immunoblot analysis with anti--β-arrestin1/2 IgGs. (D) YFP-GCN2--transfected HEK293 cells lysates were precipitated with glutathione beads and incubated with purified GST, GST-β-arrestin1, or GST-β-arrestin2. Precipitates were analyzed by immunoblot analysis with an anti-YFP IgG. (E) Deletion mutants for GCN2 (E-1) and β-arrestin1/2 (E-2). (F) HEK293 cells were cotransfected with GCN2 deletion mutants plus FLAG-β-arrestin1 (F-1) or FLAG-β-arrestin2 (F-2). The cells were treated with MG132 (20 μM) for 5 h before being harvested, and lysates were immunoprecipitated with an anti-HA IgG, and the immune pellets were detected by immunoblot analysis using anti-FLAG IgG. (G) A549 cells were cotransfected with HA-GCN2 plus β-arrestin1 deletion mutants (G-1) or β-arrestin2 deletion mutants (G-2). The cells were treated with MG132 (20 μM) for 5 h before being harvested, and lysates were immunoprecipitated with anti-FLAG IgG; the immune pellets were detected by immunoblot analysis with anti-HA IgG. (H) HEK293 cells were cotransfected with HA-RWD, HA-PK1, HA-PK2, or HA-GCN2-N plus FLAG tagged β-arrestin1/2. The lysates were subjected to immunoblot analysis by using the indicated antibodies. A representative Western blot for each treatment from three independent experiments is shown.](1044fig5){#F5}

Neural precursor cell--expressed, developmentally down-regulated 4--like is the specific E3 ligase for GCN2 ubiquitination and degradation
------------------------------------------------------------------------------------------------------------------------------------------

β-Arrestins are unable to directly transfer ubiquitin to the target protein. Identification of E3 ligase specifically for GCN2 degradation is therefore critical. By using the aforementioned GFP screening method, we found that neural precursor cell--expressed, developmentally down-regulated 4--like (NEDD4L) was critically involved in GCN2 ubiquitination, because NEDD4L dose-dependently suppressed GCN2 protein level ([Figure 6A](#F6){ref-type="fig"}). This result delivered other important messages, that is, NEDD4L is an easily degradable E3 ligase and thus has a relatively low basal level, because NEDD4L expression level was greatly up-regulated in the presence of MG132 treatment. NEDD4L-mediated GCN2 degradation was not an artifact of protein overexpression, because the silencing of NEDD4L expression in cells led to enhanced cellular GCN2 level ([Figure 6B](#F6){ref-type="fig"}) and corresponding decreased GCN2 ubiquitination ([Figure 4E](#F4){ref-type="fig"}). In immunoprecipitation experiments, strong interaction between β-arrestin1/2 and NEDD4L was detected ([Figure 6, C](#F6){ref-type="fig"}-1 and [C](#F6){ref-type="fig"}-2). Furthermore, GST pull-down experiments revealed that purified GST--β-arrestin1/2 can immunoprecipitate both GCN2 and NEDD4L from the cell lysate, suggesting the existence of a complex consisting of GCN2, β-arrestin1/2, and NEDD4L ([Figure 6D](#F6){ref-type="fig"}). The association between NEDD4L and GCN2 was rather weak when β-arrestin1/2 was absent; however, in the presence of β-arrestin1/2, the interaction between NEDD4L and GCN2 was significantly strengthened, as judged by the band intensity of YFP-tagged GCN2 ([Figure 6E](#F6){ref-type="fig"}). Similarly, although NEDD4L alone can increase GCN2 ubiquitination, overexpression of β-arrestin1/2 significantly strengthened this effect, as judged by the intensity of the ubiquitinated form of GCN2 ([Figure 6F](#F6){ref-type="fig"}, lanes 4 and 5). Therefore β-arrestins promote the assembly of GCN2--β-arrestin--NEDD4L complex by recruiting NEDD4L E3 ligase to GCN2, thereby facilitating ubiquitin-mediated GCN2 degra­da­tion.

![Involvement of NEDD4L in GCN2 ubiquitination and degradation. (A) A549 cells were transfected with HA-NEDD4L or empty vector for 36 h and further treated with MG132 (20 μM) or vehicle for 8 h. The lysates were detected by immunoblot analysis using the indicated antibodies. (B) A549 cells were transfected with NEDD4L or control siRNAs for 36 h, and the lysates were detected by immunoblot analysis using anti-GCN2, anti-NEDD4L, and anti-tubulin IgGs. (C) A549 cells were cotransfected with HA-NEDD4L plus FLAG-β-arrestin1 (C-1) or FLAG-β-arrestin2 (C-2) for 36 h and further treated with MG132 (20 μM) for 5 h before being harvested. The cell lysates were immunoprecipitated with anti-HA IgG or normal mouse IgG as a negative control, and the immune pellets were detected by immunoblot analysis using anti-FLAG IgG. (D) A549 cells lysate was precipitated with glutathione beads incubated with purified GST, GST-β-arrestin1, or GST-β-arrestin2, and precipitates were analyzed by immunoblot analysis using anti-GCN2, anti-NEDD4L, and anti-GST IgGs. (E) A549 cells were cotransfected with YFP-GCN2, HA-NEDD4L plus FLAG-β-arrestin1, or FLAG-β-arrestin2 for 36 h and further treated with MG132 (20 μM) for 5 h before being harvested. The cell lysates were immunoprecipitated with anti-HA IgG, and the immunpellets were detected by immunoblot analysis using anti-YFP, anti-FLAG, and anti-HA IgGs. (F) A549 cells were treated as described in E, and the lysates were immunoprecipitated using anti-YFP IgG, followed by immunoblot analysis using anti-Ub IgG and other indicated IgGs. A representative immunoblot analysis for each treatment from three independent experiments is shown.](1044fig6){#F6}

Disruption of GCN2--β-arrestin--NEDD4L complex by Na^+^,K^+^-ATPase ligand
--------------------------------------------------------------------------

Consistent with the foregoing finding that ouabain treatment can prevent β-arrestin1/2--mediated suppression of GCN2 level, we found that the interaction between β-arrestin1/2 and GCN2 was greatly reduced in ouabain-treated cells, either by using GCN2 as a bait to immunoprecipitate β-arrestin1/2 ([Figure 7A](#F7){ref-type="fig"}), or vice versa, by using β-arrestin1/2 as a bait to immunoprecipitate GCN2 ([Figure 7B](#F7){ref-type="fig"}). Of note, MG132 treatment was used here because it was required for the occurrence of interaction between β-arrestin1/2 and GCN2 ([Figure 5, B](#F5){ref-type="fig"}-1 and [B](#F5){ref-type="fig"}-2); however, note that both MG132 and ouabain were toxic to cells, especially when they were used at high concentrations or for a relatively long period of time. Treatment of cells with ouabain plus MG132 likely produce toxic or other nonspecific effects that can mask the real effect of ouabain on the interaction between β-arrestin1/2 and GCN2. Therefore, to assess objectively the effect of ouabain, we treated cells with MG132 and ouabain at low concentrations and for a short period of time.

![Effect of ouabain on GCN2--β-arrestin1/2--NEDD4L degradation complex. (A) A549 cells were cotransfected with HA-GCN2 plus FLAG-β-arrestin1 or FLAG-β-arrestin2 and further treated with ouabain (100 nM, 6 h) and MG132 (20 μM, 5 h) as indicated. The cell lysates were immunoprecipitated with an anti-HA IgG, and the immunpellets were detected by immunoblot analysis with anti-FLAG and other indicated IgGs. (B) The reverse immunoprecipitation proceeded with an anti-FLAG IgG, and the immunpellets were detected by immunoblot analysis with anti-HA and other indicated IgGs. (C) A549 cells were treated with MG132 (20 μM, 5 h) plus vehicle or MG132 (20 μM, 5h) plus ouabain (100 nM, 6 h), and the lysates were immunoprecipitated with anti-GCN2 or normal rabbit IgG. The immune pellets were detected by immunoblot analysis with the indicated antibodies.](1044fig7){#F7}

The suppressive effect of ouabain on the interaction between β-arrestin1/2 and GCN2 was not unique to cells in which GCN2 and β-arrestin1/2 were overexpressed. In A549 cells without plasmid transfection, ouabain was also able to disrupt the assembly of endogenous GCN2--β-arrestin--NEDD4L complex, because when ouabain was present in cells, the immunoprecipitated NEDD4L and β-arrestin1/2 by anti-GCN2 IgG were significantly less than in the control cells ([Figure 7C](#F7){ref-type="fig"}).

Phosphorylation of GCN2 suppresses ubiquitin-mediated GCN2 degradation
----------------------------------------------------------------------

To understand why ouabain is able to disrupt the GCN2--β-arrestin--NEDD4L degradation complex, we noticed that immunoprecipitated GCN2 in ouabain-treated cells migrated more slowly than in the control cells, which raises the possibility that ouabain might regulate the posttranslational modification of GCN2 ([Figure 7C](#F7){ref-type="fig"}). Previous study demonstrated that GCN2 activation needs the phosphorylation of threonine 899 ([@B38]). Phosphorylation and ubiquitination are two closely linked events in the process of protein degradation. We therefore set out to determine whether phosphorylation of GCN2 at threonine 899 is also relevant to GCN2 degradation. By using an antibody specifically recognizing GCN2 phosphorylation at Thr-899 ([@B14]), we unexpectedly observed a significant increase in GCN2 phosphorylation in the immunoprecipitate from ouabain-treated cells as compared with that of the control cells ([Figure 7C](#F7){ref-type="fig"}).

To examine the biological significance of this, we substituted Thr-899 of GCN2 by alanine (T to A) or asparagine (T to D) to mimic the nonphosphorylated or phosphorylated form of GCN2, respectively. GST pull-down analysis demonstrated that GCN2 T899A associated with more β-arrestin1/2 than did GCN2 wild type (WT); however, the association between GCN2 T899D and β-arrestin1/2 was much weaker than that of GCN2 WT and GCN2 T899A ([Figure 8, A](#F8){ref-type="fig"}-1 and [A](#F8){ref-type="fig"}-2). Moreover, β-arrestin1/2--mediated GCN2 (T899D) degradation was significantly less potent than in GCN2 (WT) or GCN2 (T899A; [Figure 8B](#F8){ref-type="fig"}), and, correspondingly, GCN2 (T899A) degradation by β-arrestin1/2 was stronger than that of GCN2 WT. In addition, the ubiquitinated form of GCN2 (T899D) was weaker than that of GCN2 (T899A; [Figure 8C](#F8){ref-type="fig"}). In cells overexpressing HA-GCN2, GCN2 ubiquitination was significantly suppressed by ouabain; however, ouabain failed to influence GCN2 (T899A) ubiquitination, as judged by the intensity of the ubiquitinated form of GCN2 (Supplemental Figure S3). Collectively, these data suggest that phosphorylation of GCN2 at Thr-899 triggered by ouabain impairs its ability to associate with β-arrestins, thereby rendering this protein less susceptible to ubiquitin-mediated degradation.

![Effect of GCN2 phosphorylation on ubiquitin-mediated GCN2 degradation. (A) HEK293 cells were transfected with YFP-tagged GCN2 (WT), GCN2 (T899A), GCN2 (T899D), or empty vector. Cell lysates were precipitated with glutathione beads incubated with purified GST---β-arrestin1 (A-1) or GST--β-arrestin2 (A-2). Precipitates were analyzed by immunoblot analysis with the indicated antibodies. (B) A549 cells were cotransfected with YFP-tagged GCN2 (WT), GCN2 (T899A), or GCN2 (T899D) plus FLAG-β-arrestin1/2. After 36 h, lysates were examined by immunoblot analysis with the indicated IgGs. (C) A549 cells were cotransfected with HA-Ub and YFP-tagged GCN2 (WT), GCN2 (T899A), or GCN2 (T899D) and further treated with MG132 (50 μM) for 5 h before being harvested. Cells lysates were immunoprecipitated with anti-HA IgG, and the immune pellets were detected by immunoblot analysis with the indicated antibodies. (D) A549 and HeLa cells were treated in the presence or absence of ouabain at 100 nM for 12 h. Phosphorylation of GCN2 T899, phosphorylation of eIF2α, and the total eIF2α were assessed by immunoblot analysis. (E) A549 cells were treated with 400 nM ouabain for 0, 4, 8, and 12 h, respectively. Cell apoptosis was detected by flow cytometry. Data are expressed as the fold of cell apoptosis in ouabain-treated cells relative to control cells (E-1).The lysates were detected by immunoblot analysis with the indicated antibodies. For the quantitation of the band densities of immunoblot, values were calculated as the ratio of p-GCN2 (T899) or GCN2 to tubulin and normalized to the values obtained in control cells (1.0; E-2). A representative immunoblot analysis for each treatment from three independent experiments is shown. (F) Regulatory roles of GCN2 in cells sensing the mild or severe stress of Na^+^,K^+^-ATPase impairment by its ligands.](1044fig8){#F8}

Phosphorylation of GCN2 at T899 triggered by ouabain is not unique to A549 cells. Western blot analysis revealed that ouabain treatment can also lead to a dramatic increase in GCN2 phosphorylation in HeLa cells, as shown in [Figure 8D](#F8){ref-type="fig"}. Further, GCN2 phosphorylation in A549 and HeLa cells correlated with enhanced GCN2 protein level and eIF2α phosphorylation, suggesting that GCN2 phosphorylation likely couples GCN2 activation and degradation. To confirm this, we compared cell apoptosis, GCN2 phosphorylation, and GCN2 levels in cells after ouabain treatment ([Figure 8, E](#F8){ref-type="fig"}-1 and [E](#F8){ref-type="fig"}-2). The results demonstrated that GCN2 phosphorylation was also well correlated with apoptosis due to ouabain. Of interest, cellular GCN2 level rapidly increased in \<4 h when apoptosis was not apparent but gradually decreased from 4 to 12 h when the apoptosis program was initiated.

DISCUSSION
==========

The Na^+^,K^+^-ATPase ligands are a family of compounds derived from the foxglove plant. They are potent Na^+^,K^+^-ATPase inhibitors that can bind with the extracellular portion of Na^+^,K^+^-ATPase α subunits and compete for K^+^-binding site. Na^+^,K^+^-ATPase ligands are not exclusively plant derived; endogenous Na^+^,K^+^-ATPase ligands such as endogenous ouabain have are also been isolated and identified from human plasma ([@B13]; [@B23]). Amazingly, the chemical structure of plant-derived ouabain is identical to the endogenous ouabain secreted by human adrenal gland ([@B13]). Given these facts, identification of the biological activities of ouabain, as well as of other Na^+^,K^+^-ATPase ligands, is meaningful.

Recently, increasing evidence has critically implicated Na^+^,K^+^-ATPase in cancer progression ([@B36]; [@B51]; [@B20]). Many Na^+^,K^+^-ATPase ligands have potent antitumor effects in clinical or experimental settings ([@B20]; [@B28]; [@B35]). Ouabain is a case in point. Previous studies suggested that ouabain has a death-inducing effect on a variety of cancer cell lines ([@B19]; [@B47]; [@B30]; [@B42]; [@B34]). In addition to directly triggering apoptosis, Na^+^,K^+^-ATPase ligands also sensitize cancerous cells to apoptotic insults, including TRAIL ([@B10]), CD95 ([@B25]; [@B3]; [@B29]; [@B4]), and C2-ceramide ([@B49]). All of these findings indicate that Na^+^,K^+^-ATPase ligands are promising anticancer drugs. However, although most Na^+^,K^+^-ATPase ligands have strong apoptosis-inducing effects on cancer cells in vitro, many of them lose their effects in vivo ([@B40]; [@B2]; [@B26]), indicating that the sensitivity of tumor cells toward Na^+^,K^+^-ATPase ligands largely depends on the cellular environment. We found here that GCN2 expression level specifically regulates cancer cell sensitivity toward Na^+^,K^+^-ATPase ligands. In addition, Na^+^,K^+^-ATPase ligands increase GCN2 level by suppressing its degradation. These results indicate that GCN2 level, as well as GCN2 signaling, is critical for Na^+^,K^+^-ATPase ligands to have an effect. Of interest, Na^+^,K^+^-ATPase ligands not only modulate GCN2 signaling, but also target HIF pathways, which sense the stress of oxygen deficiency in cancerous cells ([@B53]). Taking the results together, it is reasonable to conclude that Na^+^,K^+^-ATPase ligands can preferentially modulate survival-promoting signaling in cancer cells caused by the stress of nutrient and oxygen deficiency.

The regulatory mechanism for GCN2 expression at the posttranslational level is largely unknown. We found that GCN2 has a short half-life. The precise regulation of GCN2 at a low basal level by the GCN2--β-arrestin1/2--NEDD4L degradation complex has at least three purposes: 1) GCN2 protein has a tendency to promote apoptosis, 2) this regulatory process meets the requirement for rapid GCN2 induction after Na^+^,K^+^-ATPase ligand treatment because suppression of GCN2 degradation is obviously less time and energy consuming than that by de novo protein synthesis, and 3) β-arrestins are critically involved in cancer cell growth and chemotaxis ([@B17]), and GCN2 degradation is likely a strategy adopted by β-arrestins to promote cancer cell survival and growth.

As a mammalian E3 ubiquitin ligase, NEDD4L shares common domain architecture with its yeast homologue, Rsp5. The WW domains of NEDD4L bind to a PPxY or PY motif, where x represents any amino acid ([@B39]). In general, the WW domain is composed of 38--40 amino acids characterized by two highly conserved tryptophans and folded as a three-strand β-sheet, which is known to mediate specific interactions by binding to proline-rich sequences and may be repeated up to four times in some proteins ([@B41]). The WW domain has been found in various important signaling and structural proteins ([@B6]), and epithelial amiloride-sensitive sodium channel (ENaC) and epidermal growth factor receptor ErbB4 are well characterized ([@B39]; [@B52]). Consistently, GCN2 contains the PY motif in its N-terminus. However, unlike ENaC and ErbB4, which have multiple PY motifs, only a PPTY motif is present in GCN2, which offers a possible explanation for why the association between NEDD4L and GCN2 needs the assistance of β-arrestins.

Under the stress of nutrient deficiency, the uncharged tRNAs bind the C-terminal of GCN2, leading to GCN2 activation, subsequent eIF2α phosphorylation, and global reduction in protein translation. Basically, GCN2 phosphorylation exerts a protective role for cells to recover from the stressful conditions. However, we found here that phosphorylation of GCN2 at Thr-899 has another important function---regulating GCN2 level by disrupting the GCN2--β-arrestin1/2--NEDD4L degradation complex. In addition, GCN2 phosphorylation correlated with ouabain-induced apoptosis. Overexpression of GCN2(T899D) in cells led to a more pronounced apoptosis-inducing effect than that of wild-type GCN2 (Supplemental Figure S4). All of these facts suggest that GCN2 phosphorylation at T899 integrates its activation and degradation and has dual roles in regulating cell fate. We found here that ouabain treatment at 400 nM induced GCN2-dependent CHOP up-regulation and CHOP-dependent apoptosis. However, we also noticed that ouabain used at 100 nM failed to trigger CHOP up-regulation and apoptosis but still could induce GCN2 phosphorylation (unpublished data). Therefore it seems that the concrete role of GCN2 phosphorylation in cell survival and death largely depends on the intensity of stress. If the cells are challenged with ouabain at a relatively low concentration, GCN2 phosphorylation mainly protects cells; however, if the stress of ouabain treatment is severe, GCN2 phosphorylation switches its function from prosurvival to death by CHOP up-regulation. More experiments need to be done to confirm this and examine whether this mechanism is also applicable to stressful conditions of nutrient deficiency. Of note, although GCN2 phosphorylation at T899 significantly impaired the formation of GCN2 degradation complex, a small fraction of GCN2 (T899D) was still degraded in the presence of β-arrestin overexpression ([Figure 8B](#F8){ref-type="fig"}), suggesting that GCN2 phosphorylation at T899 is probably necessary but not sufficient for suppressing GCN2 degradation. GCN2 is a protein kinase with a relatively large molecular weight. Bioinformatic analysis reveals that many potential phosphorylation sites exist in the amino acid sequence of GCN2. Whether the phosphorylation of GCN2 at T899 is primed for another phosphorylation event deserves further investigation.

We noticed in this study that in cells after treatment with ouabain at 400 nM for 12 h, GCN2 protein level was not increased as expected but instead was decreased ([Figure 8E](#F8){ref-type="fig"}-2). Of note, many cells underwent apoptosis at this stage ([Figure 8E](#F8){ref-type="fig"}-1). Meanwhile, the decrease in GCN2 level in 400 nM ouabain--treated cells could be blocked by the pan-caspase inhibitor z-VAD.fmk (Y.W., unpublished data). Therefore ubiquitination is probably not the sole mechanism for GCN2 degradation. When cell apoptosis occurs, the cellular GCN2 is likely subject to caspase-mediated cleavage and degradation. If this is the case, the regulatory mechanism for GCN2 in sensing stress could be rather flexible and complex. When the intensity of stressful stimuli is mild, a small fraction of GCN2 is phosphorylated as a defense mechanism to protect cells. As the stress intensity increases, more GCN2 proteins are phosphorylated, which leads to an enhanced GCN2 level. This dramatic increase in GCN2 level can help cells to maximally adapt to stress. However, if the stress becomes intolerable, GCN2 phosphorylation promotes cell apoptosis by increasing CHOP expression. In the course of apoptosis, the protective role of GCN2 is no longer needed, and so it will be degraded by caspases to facilitate rapid apoptotic clearance ([Figure 8F](#F8){ref-type="fig"}).

How GCN2 is involved in Na^+^,K^+^-ATPase ligand--induced cancer cell death remains an important question. We speculate that Na^+^,K^+^-ATPase ligands may produce a stressful environment similar to that of abnormal amino acid metabolism, because cellular amino acid uptake is indeed tightly controlled by plasma membrane Na^+^,K^+^-ATPase activity ([@B18]). Na^+^,K^+^-ATPase impairment by Na^+^,K^+^-ATPase ligands will influence amino acid transport by destroying the Na^+^ gradient. Our cDNA microarray analysis supported this, because treatment of A549 cells with 100 nM ouabain for 12 h up-regulated the expression of many amino acid transporters and aminoacyl-tRNA synthetase genes (Supplemental Table S1).

In summary, Na^+^,K^+^-ATPase ligands are the first identified small-molecule drugs that can modulate GCN2 degradation machinery in cancer cells. By using these small molecules, we uncovered novel regulatory mechanisms for GCN2 in cancer cell death. The posttranslational mechanisms modulating GCN2 expression can be used for molecular-targeted cancer therapy and drug development.

MATERIALS AND METHODS
=====================

Cell culture and transfection
-----------------------------

Human embryonic kidney 293 (HEK293), GCN2 wild-type mouse embryonic fibroblast (MEF), GCN2^−*/*−^ MEF, CHOP wild-type MEF, and CHOP^−*/*−^ MEF cells and cancer cell lines, including A549, HeLa, HCT116, HT29, and LoVo, were all obtained from the American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured under standard procedures. Transient transfection was performed by the polyJet reagent (Signagen, Gaithersburg, MD).

Plasmids
--------

To make PCI-HA-GCN2, the coding region of human GCN2 (mRNA RefSeq: NM_001013703) was amplified from 293T cDNA by using primers 5′-tatctcgagtaatggctgggggccgtggg-3′ and 5′-cgcgcggccgcttaaaataagattctgtagt-3′ and was ligated as an *Xho*I--*Not*I fragment into the *Xho*I--*Not*I sites of PCI-HA mammalian expressing vector. To produce HA-tag fusions with the RWD domain (amino acids \[aa\] 1--201), PK1 domain (aa 202--569), PK2 domain (aa 570--1010), and GCN2-N terminal region (aa 1--1010) of GCN2 (aa 1--1649), fragments containing *Xho*I (5′-end) and *Not*I (3′-end) restriction sites were generated by PCR amplification from the PCI-HA-GCN2 constructs described and inserted into the PCI-HA plasmid downstream of the HA-tag reading frame. For YFP-GCN2, the human GCN2 was excised as an *Xh*oI--*Not*I/blunt fragment from PCI-HA-GCN2 and inserted into the *Xho*I--*Sma*I sites of peYFP-c1 downstream of the YFP reading frame. GCN2(T899A) and GCN2(T899D) mutant expression plasmids were constructed using the point mutation PCR method. Briefly, mutagenesis primers encoding threonine-to- alanine and threonine-to--aspartic acid mutations for T899 were designed as follows: hGCN2-T899A-R(1677): agtgccaaccatcccagc­taagtgacctgaagg; hGCN2-T899A-F(238): accc­ttcaggtcactt­agct­gggatggttggc; hGCN2-T899D-R(1677): agtgccaaccatcccatttaagtgacctgaagg; and hGCN2-T899D-F(238): acccttca­ggtcacttaaa­tgggatggttggc.

To make PRK5-Flag-β-arrestin1-- and PRK5-Flag-β-arrestin2--expressing plasmids, we amplified human β-arrestin1 (NM_004041.3) using primers 5′-tatctcgagccatgggcgacaaaggga-3′ and 5′-cccaagcttctatctgttgttgagctgtgg-3′ and ligated it as an *Xho*I--*Hin*dIII fragment into the *Xho*I--*Hin*dIII sites of PRK5-FLAG--expressing plasmids; human β-arrestin2 (NM_004313.3) was amplified using primers 5′-tatggatccatgggggagaaacccggga-3′ and 5′-cccaagcttcgcttcctagcagagttgatcatc-3′ and ligated as a *Bam*HI--*Hin*dIII fragment into the *Bam*HI--*Hin*dIII sites of a PRK5-FLAG--expressing plasmid. PRK5-FLAG-hβarr1N(1--200 aa) and PRK5-FLAG-hβarr1C(201--418 aa) constructs were generated by subcloning the *Xho*I--*Hin*dIII fragments of PRK5-FLAG-β-arrestin1. PRK5-FLAG-hβarr2N(1--185 aa) and PRK5-FLAG-hβarr2C(186--409 aa) constructs were generated by subcloning the *Bam*HI--*Hin*dIII fragments of PRK5-FLAG-β-arrestin2; then these regions were inserted into PRK5-FLAG vector. For pGEX-4T-1-β-arrestin1-- and pGEX-4T-1-β-arrestin2--expressing vectors, human β-arrestin1 and β-arrestin2 cDNAs were amplified from plasmid PRK5-FLAG-β-arrestin1 and PRK5-FLAG-β-arrestin2 by using primers; the PCR products were then digested with *Sal*I and *Not*I and inserted into the *Sal*I--*Not*I sites of pGEX-4T-1. All plasmids tags were N-terminal. HA-tagged human NEDD4L--expressing plasmid was purchased from Addgene (Cambridge, MA).

Antibodies
----------

Specific anti--phospho-eIF2α at Ser-52, anti--total eIF2α, and anti-GCN2 IgGs were purchased from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal antibody against β-arrestin1/2 was purchased from Calbiochem (La Jolla, CA). Antibodies against NEDD4L, GFP, Ub, tubulin, and secondary IgGs were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PARP IgG was purchased from Millipore (Billerica, MA). Anti--GST monoclonal IgG was purchased from Oncogene Science (Cambridge, MA). Anti-FLAG and HA IgG was purchased from Sigma-Aldrich (St. Louis, MO).

siRNA experiments
-----------------

Cells were transfected with the siRNAs of target genes and negative control siRNA using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). Chemically synthesized double-stranded siRNAs were purchased from Genepharma (Shanghai, China). GCN2 siRNA (h) (sc-45644), PERK siRNA (h) (sc-36213), PKR siRNA (h) (sc-36263), and CHOP siRNA (h) (sc-35437) were purchased from Santa Cruz Biotechnology. These siRNA products consist of pools of three to five target-specific 19- to 25-nucleotide siRNAs designed to knock down gene expression.

Protein extraction and Western blotting
---------------------------------------

The detailed procedures were as previously described ([@B9]). In brief, cells were lysed in cell lysis buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 50 mM NaF, 5 mM EDTA, 5 mM β-glycerophosphate, 1 mM sodium vanadate, 1% Nonidet P-40, and protease inhibitors). The proteins were quantified with the Bradford assay. The extract was then removed and mixed with loading buffer. Proteins were boiled, resolved in SDS--polyacrylamide gel, transferred to polyvinylidene difluoride (PVDF) membranes, blocked with blocking buffer (5% skimmed milk in phosphate-buffered saline \[PBS\] with 0.02% Tween-20), and incubated with the indicated primary antibodies at 4°C overnight or at room temperature for 2 h. Blots were washed three times for 5 min each in PBS with 0.02% Tween-20 (PBST) and then incubated with horseradish peroxide--conjugated secondary antibodies in blocking buffer. After three washes with PBST, the blots were visualized by the ChemiQ 4800 mini Imaging System (Bioshine, Shanghai, China).

RT-PCR
------

In brief, the total RNAs were extracted with TRIZOL reagent (Invitrogen) following the manufacturer\'s instructions. Reverse transcription reactions were performed using the PrimeScript RT Reagent Kit (Takara, Otsu, Japan). PCR was performed for 22--30 cycles in 20 μl of reaction mixture. PCR products were resolved on 1% agarose gels and stained with ethidium bromide. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control.

Coimmunoprecipitation experiment
--------------------------------

After transfection, cells were lysed in the lysis buffer supplemented with complete protease inhibitor cocktail (Sigma-Aldrich) and *N*-ethylmaleimide (Sigma-Aldrich) at 4°C. Lysates were centrifuged at 12,000 rpm at 4°C for 10 min. Proteins (0.5 mg/500 μl) were immunoprecipitated with the indicated antibodies. The precleared protein A/G -agarose beads (Millipore) or TrueBlot IP beads (eBioscience, San Diego, CA) were incubated with immunocomplexes for another 2 h and washed four times with the lysis buffer. The immunoprecipitates were subjected to SDS--PAGE, followed by transferring onto PVDF membranes.

GST pull-down assay
-------------------

GST-β-arrestin1, GST-β-arrestin2, and GST were heterologously expressed and purified from Rosetta-gami B strains. Each 5 μg of GST-β-arrestin1, GST-β-arrestin2, or GST was coincubated for 1 h with 20 μl of 50% GST Sepharose 4B slurry at 4°C in 1 ml of binding buffer (PBS and 10 mM dithiothreitol) and the beads were washed four times with 1 ml of wash buffer (PBS and 0.5% Triton X-100). Whole 293T cell extracts were then added into the mixture and further incubated at 4°C overnight with rotation. The beads were washed, separated by SDS--PAGE, and analyzed by immunoblot analysis.

Measurement of surface DR5 expressions by flow cytometry
--------------------------------------------------------

The detailed procedures were as previously described ([@B10]). In brief, cells were harvested, washed, and resuspended with ice-cold PBS containing 1% bovine serum albumen. Then 5 μg of primary anti-DR5 antibody or control IgG was added per sample. After 30 min of incubation on ice, the cells were washed twice and incubated with FITC-labeled secondary antibody. At least 10,000 cells were analyzed by flow cytometry.

Xenograft tumor models
----------------------

LoVo and HCT116 cells were implanted subcutaneously in the right flank of each mouse. Once tumor volume reached \>50 mm^3^, animals were randomized so that all groups had similar starting mean tumor volumes. Tumor measurements were taken three times per week, and tumor volume (in cubic millimeters ) was calculated using the ellipsoid formula *D*(*d*^2^), where *D* is the largest diameter of the tumor and *d* the smallest. At the end of the experiments, the animals were killed, and the tumor growth curves were plotted. Tumors were removed, homogenized, and stained with 1--2 μl of FITC-DEVD-FMK for detection of caspase 3 activity based on the manufacturer\'s instruction (CaspGLOW Fluorescein Active Caspase-3 Staining Kit; BioVision, Milpitas, CA).

Cell apoptosis assay
--------------------

Cell apoptosis was measured by the annexin V-FITC/propidium iodide double-staining method following the manufacturer\'s instructions (Abcam, Cambridge, UK). A total of 10,000 cells per sample were analyzed by flow cytometry.

Ubiquitination assay
--------------------

The cells were lysed in a stringent cell lysis buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM sodium orthovanadate, 50 mM sodium fluoride, protease inhibitors, and 2 mM *N*-ethylmaleimide ([@B7]). The cell lysates were boiled for 10 min, sonicated for 10--20 s, added to 900 μl of dilution buffer containing 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM EDTA, 1% Triton X, protease inhibitors, and 2 mM *N*-ethylmaleimide, and further rotated at 4°C for 1 h. For immunoprecipitation experiments, the supernatants were collected after centrifugation, 1 μg of anti-ubiquitin IgGs or anti-GCN2 IgGs was added to 1.5 mg of the supernatant, and the mixture was rotated at 4°C overnight; then 30 μl of prepared Protein A or G agarose beads was added to the samples. The samples were rotated for 2 h. After rotation, beads were washed three times with washing buffer containing 10 mM Tris-HCl (pH 8.0), 1 M NaCl, 1 mM EDTA, and 1% NP-40, boiled, and subjected to Western blotting analysis.

Statistical analysis
--------------------

The results are expressed as mean ± SD. Statistical analysis involving two groups was performed by means of Student\'s *t* test. Analysis of variance followed by Dunnett\'s multiple comparison tests was used to compare more than two groups. All data were processed with SPSS 10.0 software (IBM, Armonk, NY).
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